1. INTRODUCTION Pulsed laser rangefinders are widely used today in a variety of remote sensing applications, including terrestrial, marine, and space target tracking and ranging, airborne altimeters, collision avoidance, terrain mapping, and surveillance.
Several new medium range applications require refinements to the state of the art. Laser rangefinders for submunition guidance,' remotely piloted vehicles (RPVs), and laser "tapemeasures" require high pulse repetition frequencies (PRFs) and high accuracy and resolution. Obviously, size, weight, cost, and complexity must also be minimized.
This paper seeks to present a methodical approach for the system design of a high performance pulsed laser rangefinder (LRF) receiver. Results of the system analysis have been incorporated into a computer simulation that is used to optimize laser power, receiver bandwidth, and aperture. Finally, a method of implementing a practical thresholding circuit is presented.
PULSED RANGEFINDER SYSTEM 2.1. System block diagram
A system block diagram for a general pulsed laser rangefinder is shown in Fig. 1 . The system timer, item ( 1 ), sets the PRF by generating a start pulse T0 periodically. The start pulse triggers the pulsed laser source (2) and also initializes the range counter (8) . The transmitter objective lens (3) collimates the laser beam, which propagates at the speed of light toward the target. A portion of the reflected laser beam is collected by the receiver objective lens (5) after passing through the spectral filter (4) and is focused on the detector (6) . The receiver (7) amplifies and threshold detects the detector output signal and clocks the range counter with a stop pulse R when a valid laser return pulse is sensed. The range counter converts the time between signals T0 and R to distance and displays or transmits this information.
System performance requirements
The requirements for a typical laser rangefinder will be used for this analysis. Typical performance requirements are as follows: minimum range 50 ft. maximum range 500 ft, range resolution < 1 ft, PRF 10 kHz.
A GaAs semiconductor laser (center wavelength of 904 nm) is assumed for the purpose of this analysis. The optics are assumed to be focused at infinity.
RADIOMETRY 3.1. Background power
The geometry of a typical submunition guidance laser rangefinder optical path is shown in Fig. 2 
Signal power
The geometry of the transmit laser beam is shown in Fig. 3 . Here a beam filling target is assumed, and the overlap function characteristic of a binocular ranging system is ignored. Lambertian target and background are assumed.
The irradiance of the laser beam at the target/background is given by3 
it follows that
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Let the target exitance be denoted incident on the detector, assuming a Lambertian target and ignoring diffraction effects, is given by is the transmission through the receiver optics, r is the atmospheric extinction coefficient [m I, and R is the slant range to the target [ml.
The detector footprint A may be computed as angle D is given as (3) where DR is the receiver clear aperture diameter [ml. The reflected solar spectral radiance L is found by 
LT =
The peak signal power P incident on the detector is given by
where TF 5 the receiver spectral filter transmission. Since 1D
: 'rrD/4R2, where DR is the receiver clear aperture diameter, P can be expressed as
PS-
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NOISE ANALYSIS AND SIGNAL-TO-NOISE RATIO
The primary source of noise is typically shot noise arising from solar background and signal and detector dark current. In this background-limited case, thermal noise is negligible; however, amplifier noise must be considered. Because of its internal gain mechanism, the avalanche photodiode (APD) is superior to the pin photodiode, although the avalanche gain process itself is somewhat noisy. The system performance, in terms of false alarm rate, probability of single pulse detection, and range error, is ultimately determined by the signal-to-noise ratio.
The electrical signal power i is given by
The electrical noise power i includes shot noise, given before, plus amplifier noise:
whereJ is the amplifier input rms noise current spectral density [A/VHz]. The signal-to-noise ratio is thus given by SNR -- ( 1 1) with acceptable limits on PFA (probability of false alarm) and PSP of 0.001 and 0.999, respectively. The range gate may be computed as follows:
where c is the speed of light. 
which converts to range error as f\ /3 95x 10-10 \
2 )(3 x 108) .
Thus, the worst-case range error is about 6 cm (2.3 in.), corresponding to a current SNR of 7.6 (17.6 dB). This range error is acceptable for a typical laser rangefinder application.
5. SYSTEM DESIGN 5.1. System performance simulation (16) The results of the previous analysis have been incorporated into a simulation program so that a parametric tradeoff analysis may be performed. The simulation is applicable to a wide variety of pulsed laser rangefinder systems, requiring only that the specific 17 parameters for the intended application be entered into the spreadsheet. The simulation program was used to analyze a typical submunition guidance GaAs pulsed laser rangefinder system, with the following subsystem and environment characteristics: 
Parametric analysis and design tradeoffs
The results of the performance simulation for L = 30 W (raw laser peak power), TR = 3 ns, and 1 in. receiver optics are shown in Fig. 4 . Clearly, the design objective of 500 ft maximum range has not been met. Depending on the avalanche gain M of the APD, the maximum effective range is limited to approximately 300 ft.
Notice that for M = 1 the SNR is roughly 20 dB lower than for M = 10 or more. This graphically demonstrates the advantage of an APD, which has an internal gain mechanism, over a pin diode for which M = 1 . Henceforth, use of an APD is assumed, and the M = 1 case will no longer be considered. It should be noted, however, that for some applications the pin diode will be adequate and the use of an APD will not be warranted due to cost and circuit complexity considerations.
To meet the design objective of 500 ft maximum range, 5ev-eral alternatives may now be considered. The most intuitive solution is to simply increase the laser power. A 30 W laser pulse with 3 ns rise time is readily achievable. Increasing L to 60 W is possible, and the results, shown in Fig. 5 , indicate an improvement, although the design goal still has not been met. Increasing the raw laser pulse to more than 60 W peak is not advisable since the GaAs laser source emitting area will grow due to the addition of another emittingjunction. This will require a longer focal length transmitter objective lens to achieve the same transmit beam divergence, and the collection efficiency will suffer. If the receiver objective lens clear aperture diameter is increased to 2 in. , the maximum range is very nearly acceptable. If the laser power is also increased to 60 W (peak), the system performance is acceptable, with a maximum range of more than 600 ft. This solution has the disadvantage of larger size and is thus not entirely desirable.
Another design alternative is to increase the laser pulse rise time. A longer rise time requires less preamplifier bandwidth; hence, more solar background-induced shot noise is excluded. For example, if the laser pulse rise time is extended to 6 ns, only 59 MHz of signal bandwidth (92 MHz noise bandwidth) is required for a matched single pole amplifier. The effect of increasing the pulse rise time on a 30 W system is illustrated in peak power and 6 ns rise time is seen to produce the desired maximum range (Fig. 7) without the increased volume penalty associated with larger optics or laser peak power greater than 60W.
The effect of changing the laser pulse rise time on range error must now be evaluated. From the previous section, risetime \ -(cunent SNR) '6 x iO\ /3 x 108\ = 7.6 2 )=0.1184m.
Thus, increasing the rise time to 6 ns increases the worst-case (i.e., at maximum range) range error to approximately 5 in. Similarly, the rise time may be further increased, if desired, to 15.4 ns, corresponding to the 1 ft maximum range error allowed for a typical laser rangefinder.
6. DETECTION 6.1. Calculation of signal dynamic range From Eq. (13), it follows that the peak signal flux P incident on the detector is inversely proportional to the square of the range R. Since the range varies from 50 to 500 ft, a factor of 10, then the peak signal flux varies by 102 for a constant reflectance target. The target reflectance was previously modeled as PT 0. 1 for the worst-case system analysis; however, the target reflectance can be expected to approach PT = 1 in some cases. Hence, when the target reflectance variability is also taken into account, a signal flux variation of 1000 (60 dB) can be expected. Since signal flux [W] is converted directly to signal current [Al by the detector, the signal current dynamic range will also be 60 dB . (The above neglects the atmospheric attenuation effect, which will be discussed next.)
For the LRF designed, with APD gain M = 40, the simulation program indicates a peak signal current at 50 ft of 92 A and a peak signal current at 500 ft of 0.89 pA, assuming a constant target reflectance PT = 0. 
Gaussian pulse equation, given rise time
The laser pulse and detector output in a laser rangefinder are usually considered to be Gaussian in the time domain. The threshold detection process will require only the leading edge of the signal for the laser pulse time-of-flight measurement. For a linear photodetector, the signal response to a Gaussian laser pulse has the following form:
where 1(t) is the instantaneous signal current, I is the peak signal current, and t0 is the time from the peak signal to the point where the signal is attenuated by lie2. The rise time is defined as the time between 10% (of peak) and 90% points on the leading edge of the pulse. Consider a symmetrical Gaussian pulse, centered around t = 0. At the 90% point the instantaneous signal current is 
where t0 is the lie2. Similarly,
For a symmetrical Gaussian, the rise and fall times are equal. The fall time tj may be expressed as For the purpose of this analysis, the laser pulse and corresponding detector signal current are assumed to be Gaussian in the time domain.
Constant fraction threshold detector
A simple detector may be constructed using a single high speed comparator and voltage reference, but it turns out that such a detector is inadequate for most laser rangefinders without some form of compensation being added.
Torrieri8 suggests several alternatives as adaptive thresholding systems. The most applicable of these systems appears to be the level adjuster, or constant fraction detector (CFD). This threshold triggers whenever the input signal leading edge reaches a fixed fraction of the input signal amplitude. A block diagram of the CFD is depicted in Fig. 8 . The key to its operation is the delay element. This enables the comparator reference voltage to be set at a fixed fraction of the signal amplitude with the signal amplitude effectively being known a priori. In this way, the CFD triggers at the same point in time on the rising edge of the signal, regardless of the amplitude of the signal.
EXPERIMENTAL RESULTS
Preamplifier
To determine the transfer function of the proposed preamplifier, the circuit of Fig. 9 was constructed. The 1 k1 input resistance serves to convert the network analyzer drive voltage to a current.
The 50 f shunt input resistor and the 33 f output resistor (in series with the nominally 17 1 NE 5212 output impedance)
provide impedance matching to the HP 3577A network analyzer. The measured transfer function of the NE 5212 transimpedance amplifier9 is shown in Fig. 10 .
Threshold detector
The constant fraction threshold detector proposed was constructed and tested using a programmable pulse generator and interval counter. The performance of the CFD over a widely varying range of input amplitudes is shown in Fig. 11 .
CONCLUSIONS
The analysis of a general pulsed laser rangefinder was applied to the submunition guidance problem using a computer simulation to optimize the performance. The simulation developed herein is valid for a wide variety of similar applications, requiring only modification of the system parameters such as raw laser power, field of view, etc.
The proposed preamplifier was tested and found to have adequate bandwidth, and the constant fraction threshold detector performance was validated over a 40 dB dynamic range. It should be mentioned here that the dynamic-range-induced errors may be further reduced by limiting the amount of dynamic range the receiver sees. The pin diode attenuators suggested by Refs. 10 and 1 1 appear to offer the most promise. Also, the 
